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Traumatic brain injury (TBI) often results in disruption of the blood brain
barrier (BBB), which is an integral component to maintaining the central nervous
system homeostasis. Recently cytosolic calcium levels ([Ca2+]i), observed to
elevate following TBI, have been shown to influence endothelial barrier integrity.
However, the mechanism by which TBI-induced calcium signaling alters the
endothelial barrier remains unknown. In the present study, an in vitro BBB model
was utilized to address this issue. Exposure of cells to biaxial mechanical stretch,
in the range expected for TBI, resulted in a rapid cytosolic calcium increase.
Modulation of intracellular and extracellular Ca2+ reservoirs indicated that Ca2+
influx is the major contributor for the [Ca2+]i elevation. Application of
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pharmacological inhibitors was used to identify the calcium-permeable channels
involved in the stretch-induced Ca2+ influx. Antagonist of transient receptor
potential (TRP) channel subfamilies, TRPC and TRPP, demonstrated a reduction
of the stretch-induced Ca2+ influx. RNA silencing directed at individual TRP
channel subtypes revealed that TRPC1 and TRPP2 largely mediate the stretchinduced Ca2+ response. In addition, we found that nitric oxide (NO) levels
increased as a result of mechanical stretch, and that inhibition of TRPC1 and
TRPP2 abolished the elevated NO synthesis. Further, as myosin light chain
(MLC) phosphorylation and actin cytoskeleton rearrangement are correlated with
endothelial barrier disruption, we investigated the effect mechanical stretch had
on the myosin-actin cytoskeleton. We found that phosphorylated MLC was
increased significantly by 10 minutes post-stretch, and that inhibition of TRP
channel activity or NO synthesis both abolished this effect. In addition, actin
stress fibers formation significantly increased 2 minutes post-stretch, and was
abolished by treatment with TRP channel inhibitors. These results suggest that,
in brain endothelial cells, TRPC1 and TRPP2 are activated by TBI-mechanical
stress and initiate actin-myosin contraction, which may lead to disruption of the
BBB.
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Chapter 1: Introduction
________________________________________________________________

1

Blood Brain Barrier

At the level of the cerebral capillaries, the blood brain barrier (BBB) helps
to maintain the homeostasis of the central nervous system through regulation of
microvascular permeability. The barrier is composed of a monolayer of polarized
endothelial cells which form the walls of cerebral capillaries (1-3). Surrounding
the microvessel endothelial cells is a network of cells, together know as the
neurovascular unit, that regulate the endothelial barrier and indirectly control
microvascular permeability (Figure 1.1). The endothelial cells are exposed to two
distinct environments; one being on the luminal surface exposed to blood and its
constituents, while the other being on the abluminal surface exposed to the CNS
interstitial fluid. On its abluminal surface, endothelial cells are ensheathed by the
basal lamina, a matrix of extracellular proteins, composed primarily by laminin
and collagen (5). Pericytes and astrocytic endfeet form close association with
endothelial cells and regulate the barrier through the release of various cytokines
and other signaling molecules (6-8). For instance, release of pro-angiogenic
factor, vascular endothelial growth factor A, by astrocytes leads to loosening of
the endothelial tight junctions and initiates remodeling of the microvascular tree.
Further, cytokines interleukin-1, interleukin-6, and tumor necrosis factor alpha
mediate a disruption of the endothelial barrier integrity and increase paracellular
permeability; while release of angiopoietin 1 by pericytes mediates increased
stability of the endothelial barrier (9-10). With no obvious interruptions along the
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Figure 1.1. Neurovascular Unit.
Cross sectional representation of a cerebral capillary. In which, an
endothelial cell (tan) forms the wall of the capillary and separates
the blood from the CNS. In close proximity to the endothelial cell
are pericytes (purple), astrocytic endfeet (black), and neuronal
projections (green). The basal lamina is depicted in grey. Cell
junctions expressed by the endothelial cell are shown as brown
lines.
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vessel wall, aside from the interendothelial cleft, brain capillaries resemble those
found in heart, skeletal muscle and lung. However, despite similarities the
permeability across brain capillaries is much more restrictive in comparison to
other endothelia (11-13). Fittingly, the BBB was first identified by early studies
describing that injection of dyes into the circulatory system failed to stain the
brain and spinal cord while staining other organs; correspondingly dyes injected
into the cerebral spinal fluid stained the brain but not other organs (11, 14).
Although still not well understood, the need for a tight brain endothelial barrier
may arise as a means to protect neurons (from toxins and molecules residing in
the blood) and to strictly control neuronal activity (through fine control of ionic
concentrations around synapses) (11, 15-16).

Permeability across BBB

Although initially considered to be a static barrier, today the BBB is
regarded as a dynamic structure which continuously regulates microvascular
permeability. This semi-permeable barrier allows the free passage of gases (O2
and CO2) and low molecular weight (<500) lipid-soluble substrates, while
displaying low permeability to polar solutes (11, 13, 17). The primary properties
contributing to the unique permeability of brain microvessel endothelial cells are
its ability to act as a physical barrier by restricting paracellular permeability and
its ability to act as a transport barrier by permitting the transcellular permeability
only to select molecules (18-20). The transport barrier is made up by a network
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of transporters and pumps which serve to move selected-molecules across the
endothelium while extruding those molecules deemed undesirable. Some notable
examples of transporters contributing to this aspect of barrier regulation are the
P-glycoprotein (P-gp) and the organic anion transporting polypeptide 1A2
(OATP1A2) (21-23). The P-gp is an ATP-binding efflux transporter expressed on
the luminal membrane of brain microvessel endothelial cells. It is well suited for
mediating resistance to many chemotherapeutic drugs. OATP1A2 is a
transporter also expressed on the luminal membrane of brain microvessel
endothelial cells, and displays a broad substrate spectrum. The efficacy of the
transport barrier to dictate molecular passage across the BBB is coupled to a
“stinginess” of paracellular permeability, established by the physical barrier,
obligating transcellular passage of molecules. The physical barrier is reliant on
the expression and localization of specialized junctional complexes, tight
junctions, which promote a tight relationship between endothelial membranes
(Figure 1.2). Tight junction proteins occludin, claudin (1, 3, 5, and 12), and
junctional adhesion molecule (JAM-A, B, and C) are found on brain microvessel
endothelial cells (1, 24-25). Occludin is an integral membrane protein
consistently detected along the margin of brain microvessel endothelial cells. It
contains multiple phosphorylation sites believed to regulate its localization to the
cell membrane and barrier permeability (26-29). Alteration of occludin expression
is associated with BBB disruption under several disease states (30-32). Indeed, a
decrease in occludin expression is reported to occur under hypoxia-induced

5

Figure 1.2. Interendothelial Cleft.
Diagram of endothelial junctions formed at the BBB. Zonulaocculdens (green) connect the tight junctions (occludin (navy
blue), claudin (red), and JAM (purple)) to the actin cytoskeleton
(brown). Adherens junction, VE-cadherin (sky blue), is linked to
the actin cytoskeleton by α-catenin (orange) and β/γ− catenin
(yellow).
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barrier disruption (33). The claudin family is made up of 24 integral membrane
proteins (3, 34). Like occludins, claudins show contiguous localization along the
endothelial cell borders. In addition, alterations in claudin expression have also
been associated with BBB disruption under disease states (35). Further, claudin
5 knockout animals show a size selective increase of paracellular permeability to
small molecules (<800 kDa tracers) across the BBB, but not to larger molecules
(36). JAMs mediate the early attachment of adjacent endothelial membranes,
and are also believed to play a role in the formation and maintenance of barrier
integrity. In addition, accessory proteins zonula-occuldens (ZO1, 2, 3) are a
critical component of the tight junction complex and help to link the above
mentioned tight junction proteins to the actin cytoskeleton (37-38). Indeed,
several studies have reported that alteration of ZO-1 expression, and thus a
disruption of the tight junction/cytoskeleton connection, promotes a loss of barrier
integrity (39-42). Furthermore, the expression of additional junctional proteins,
adherens junctions, helps to establish the integrity of the endothelial barrier.
Vascular endothelial (VE)-cadherin is an adherens junction protein expressed in
brain microvessel endothelial cells, which is linked to the actin cytoskeleton by
catenins (α, β, and γ) and seems to be important for the correct organization of
tight junctions (43-45). In fact, recent work has revealed that expression of VEcadherin promotes a higher expression of claudin 5 and induces tighter barrier
permeability (46-47).
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Figure 1.3. Regulation of MLC.
Diagram showing mechanisms which regulate MLC activity. MLC
kinase (MLCK) activation, by NO-PKG or Ca2+-CaM, leds to
phosphorylation of MLC and initiation of actomyosin contraction.
Conversly MLC phosphatase (MLCP), which may be inhibited by
Rho kinase, reduces actomyosin contraction by dephosphorylating
MLC.
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Cytoskeleton and Junctional Regulation

Recently, several studies have suggested a large role for the actin
cytoskeleton in mediating the integrity of endothelial tight junctions. As such,
experiments in which the actin cytoskeleton is disrupted are reported to lead to
an increase in permeability across cell barriers, and barrier integrity restores
once the actin cytoskeleton is allowed to reestablish (48-49). In addition, studies
of brain microvessel endothelial cells have indicated a correlation between
changes in paracellular permeability and alterations in expression of actin
filaments (33). Although the mechanism by which the actin cytoskeleton
modulates the cell junctions is currently unknown, it has been suggested that
actin fibers may provide a necessary tension to enforce a close interlocking of
junctions between apposing endothelial membranes (50-52). Actin-myosin
contraction, leading to subsequent formation of actin stress fibers, has been
reported as a component of endothelial barrier regulation (53-55).
Phosphorylation of myosin light chain (MLC) serves as a trigger to initiate actinmyosin contraction, and is regulated by the activity of MLC kinase and MLC
phosphatase (56). Indeed, MLC phosphorylation has been reported to increase
during hypoxia-induced endothelial barrier disruption (57). Several factors have
been identified to exert control over MLC phosphorylation, including regulation of
MLC phosphatase (through Rho A induced inhibition) and MLC kinase (through
intracellular calcium/nitric oxide (NO) dependent activation) (Figure 1.3).
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NO is a diatomic gas which serves as an extracellular and intracellular
secondary messenger molecule in many physiological mechanisms. In
endothelial cells, NO is synthesized from L-arginine by endothelial nitric oxide
synthase (eNOS), which can be activated by intracellular calcium (58-59). In
addition to endothelial cell NOS expression, neurons and astrocytes express
neuronal NOS, and inducible NOS is expressed in macrophages (60). Inducible
NOS is considered to be a major component of NO synthesis under pathological
conditions since immunological challenge promotes the induction of the inducible
NOS gene. For instance, cytokines interleukin-1 and tumor necrosis factor alpha
have been shown to promote inducible NOS expression (61). Further,
subsequent to its synthesis, NO can interact with soluble guanylate cyclase
(sGC) to catalyze the production of cyclic GMP (cGMP), and then mediate the
activation of protein kinase G (PKG) (Figure 1.4). Of note, accumulating evidence
points to a role for NO in mediating modulation of endothelial barrier permeability,
likely through mechanisms involving MLC phosphorylation and actin-cytoskeleton
modifications (56, 62-64).
In the cell, calcium ions also serve as important secondary messengers
for intracellular signaling. Under physiological conditions, the cell maintains a low
cytosolic calcium concentration ([Ca2+]i) (≈100nM) in comparison to the
extracellular calcium ion concentration (≈1-3mM). In order to accomplish this task
the cell employs a series of ion pumps and exchangers to transport excess
calcium ions out of the cell or into intracellular calcium stores, such as the
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Figure 1.4. NO synthesis.
Diagram depicting calcium mediated NO synthesis. Activation of
calmodulin (CaM) by Ca2+ binding, may lead to CaM stimulation of
endothelial nitric oxide synthase (eNOS). eNOS activation drives
the conversion of L-arginine to NO and L-citrulline.
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mitochondria and endoplasmic reticulum (Figure 1.5). In addition, a vast number
of calcium permeable ion channels have been identified that contribute to the
increases in intracellular calcium ions. Interestingly, multiple studies have shown
that increased levels of [Ca2+]i can promote an increase of MLC kinase activity,
which subsequently leads to actomyosin contraction (56, 65) (Figure 1.3). In fact,
[Ca2+]i has been hinted to play an important role in the mechanism underlying
loss of BBB integrity following induction of a hypoxic or hypertension injury (57,
66-68).

Traumatic Brain Injury and BBB disruption

Traumatic brain injury (TBI) is a detrimental condition which poses a
worldwide health concern. It is referred to as the silent epidemic since its premier
debilitations, memory and cognitive impairment, are difficult to identify. TBI is
estimated to annually affect an average of 1.4 million individuals in the United
States (69), and is rising as a top cause of mortality and financial burden. TBI is
frequently diagnosed in victims of acts of violence, falls, and automotive
collisions; it is believed to develop from mechanical injury sustained through
physical impact or a rapid change in acceleration/deceleration to the brain. It has
been demonstrated that following traumatic insult the brain tissue is launched
into a series of rapid positional shifts, attributed to linear and rotational
acceleration forces (70-71). In non-penetrating TBI, produced by rapid changes
in acceleration, mechanical stress is believed to be the primary cause of injury
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Figure 1.5. Endothelial cell intracellular calcium dynamics.
Diagram depicting intracellular Ca2+ mobilization. Calcium ions
(gold) are shuttled into the cytosol by calcium-permeable ion
channels (blue, brown) and exchangers (aqua). Conversely,
calcium ions are shuttled out of the cytosol by Ca2+ pumps (purple)
and exchangers.
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manifesting as shear stress and linear tension (stretching) on cells (72-73).
Although the pathology is still largely unclear, TBI is generally considered to act
in two phases: a primary injury immediately following mechanical insult
(associated with axonal damage and necrosis at the site(s) of insult) and a
secondary injury phase over the course of hours to months following the injury
(typically encompassing tissue region outside the original site(s) of injury and
associated with the development of secondary injury states) (74-77). As a result
of traumatic insult, many clinical complications develop such as hypoxia,
ischemia, edema, and blood brain barrier disruption. Interestingly, several studies
have noted that following TBI cells undergo a rise of intracellular calcium (78-79).
In fact, Fineman et. al. reported that cytosolic calcium may remain elevated for
several hours following traumatic injury (80). Although it has been suggested that
[Ca2+]i may be an important contributor to the TBI-induced BBB disruption, little is
known about the calcium signaling events that ensue in brain microvessel
endothelial cells following TBI.

TRP channel Superfamily

Transient receptor potential (TRP) proteins are a family of non-selective
cation permeable channels, many of which are permeable to calcium ions (Figure
1.6). Since first being described in drosophila, TRP channels have been shown
to be expressed in a multitude of animals and tissues (81-84). In mammals, the
TRP channels expressed belong to 6 subfamilies: classical (TRPC1, 3-7),
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Figure 1.6. TRP channel superfamily.
Mammalian TRP superfamily phylogenic tree. Adapted from
Christensen and Corey 2007, generated by aligning
transmembrane domains of all TRP proteins.
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Figure 1.7. TRP channel structure.
Diagram depicting the generic TRP protein structure. The TRP
isoform consists of six transmembrane domains (blue) protein with
a putative pore loop (permeable to cations (red)) between the 5th
and 6th transmembrane domain, and with cytosolic amino and
carboxy termini. The TRP protein contains protein to protein
interaction sites: for example ankyrin repeats (purple) and TRP
box (green).
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vanilloid (TRPV1-6), melastatin (TRPM1-8), polycystin (TRPP2, 3, 5), mucolipin
(TRPML1-3), and ankyrin (TRPA1). In general, the TRP proteins structure
consists of six transmembrane spanning domains with an ion conductive pore
loop between the 5th and 6th transmembrane domain, and cytosolic carboxy and
amino-termini with multiple protein-to-protein interaction sites (Figure 1.7).
Functional channels are believed to be formed by a homo/heterotetramer
configuration of TRP proteins. Particularly interesting is the ability of TRP
channels to be activated by an impressive diversity of stimuli (such as changes in
temperature, pH, and osmolarity, to name a few). This broad range of activation
allows TRP channels to play a role in a plethora of diverse physiological
functions. For instance, TRPM5 appears to serve as an important component in
taste since TRPM5 knockout mice display a loss of sensitivity to sweet and bitter
tastes (85). In addition, TRPV channels (V1, V3, and V4) seem to mediate an
critical component of thermo-sensation since mice lacking these channels show
an inability to discriminate between various temperature ranges (86-88). Further,
TRPA1 channels have been proposed to play a role in auditory response during
early development, as loss of channel expression reduced the response to sound
(89-90). Hence, TRP channels are a unique family of ion channels which are
involved in a multitude of physiological pathways.

Mechanical sensation
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Mechanical stimuli, noted to be a major component of TBI, have been
reported to induce functional modification of several proteins including g-protein
coupled receptors and ion channels (91-93). TRP channels seem to be activated
by a broad range of stimuli including mechanical stress (89, 94-96). The list of
channels that are sensitive to mechanical stress includes proteins from multiple
subfamilies. For example, TRPV4 has been reported to respond to mechanostimuli delivered by hypotonic and shear stress (97-101). These studies
proposed that TRPV4 is likely not activated directly by tension applied on the
bilayer but rather through tethered and secondary biochemical signaling
mechanisms occurring in response to osmomechanical stress. In addition,
TRPP2 has been reported to mediate a mechanosensitive response to fluid flow
in primary cilium of renal epithelium (102-104). Indeed TRPP2, which by its self
has no mechano-sensitivity, seems to form a mechanosensitive complex when it
is expressed with the mechano-sensor PKD1. Furthermore, TRPC1 was
demonstrated to be activated by directly applying tension to the lipid bilayer
(105). Through a series of patch-clamp experiments where cells expressing
TRPC1 were exposed to negative pressure, it was suggested that the channel is
likely gated through a bilayer-dependent mechanism.
As there appears to be no uniform mechanism of mechanical-induced
activation, three potential mechanisms have been proposed to explain the
activation of ion channels by mechanical stress (89, 94, 96) (Figure 1.8). 1) The
bilayer-dependent mechanism, proposes that channels are activated by tension
which bends or deforms the cell membrane causing membrane lipids to pull
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away from the channel protein. As a result hydrophobic sites of the channel
become exposed, increasing hydrophobic forces, which then promote
conformational change of the channel and possible activation. 2) The tethered
mechanism, supposes channels to be linked to accessory molecules, such as
extracellular matrix proteins or cytoskeletal proteins, and as mechanical forces
acting on these accessory molecules tension is then transmitted to the attached
ion channel causing its activation in a lipid bilayer independent manner. 3) The
mechano-biochemical conversion mechanism, suggests that channels may not
be directly activated by mechanical forces, but rather channels may be activated
through secondary signaling mechanisms initiated as a result of mechanostimulus.

TRP channels and barrier regulation
Interestingly, TRP channels have been reported to regulate the function of
endothelial barriers. In fact, TRPV (V4) and TRPC (C1 and C4) channels were
demonstrated to modulate the integrity of alveolar-capillary barrier (106-107).
Indeed, activation of TRPV4 was reported to mediate disruption of the alveolarcapillary barrier following acute lung injury (108). Of note, previous work in our
lab has revealed the expression of several TRP channels in brain microvessel
endothelial cells (67). Further, hypoxic studies on brain microvessel endothelial
cells demonstrated that application of a nonspecific cation channel inhibitor,
SKF96365 (known to inhibit TRPC channels), helped reduce barrier permeability
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after insult (57). These findings have led our laboratory to investigate the role that
TRP channels may play following exposure of brain endothelial cells to TBI-like
mechanical stress. Our goal was to identify a potential mechanism to explain the
phenomenon of mechanical stress induced endothelial barrier disruption, in
hopes of obtaining a better understanding of the effect of mechanical stress on
the BBB that may lead to future therapeutic strategies for TBI patients.
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Figure 1.8. Mechanisms of mechano-sensation.
Diagram showing potential gating mechanisms for mechanosensitive ion channels. A. bilayer-dependent model supposes that
tension on the bilipid membrane causes exposure of hydrophobic
mismatches favoring channel opening. B. tethered model
suggests that channel opening is due to tension on accessory
proteins inducing conformational change of the ion channel. C.
mechano-biochemical conversion model supposes that channel
opening is not directly mediated by tension but rather by
secondary signaling initiated following mechanical stimuli.
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Chapter Two: Mechanical stretch triggers an
increase of intracellular calcium in brain
endothelial cells

22

Background

TBI is believed to develop from mechanical injury brought on by physical
impact or a rapid change in acceleration/deceleration of the head (75, 109).
Following traumatic insult the brain undergoes a series of rapid positional shifts in
varying direction, which are attributed to linear and rotational acceleration forces
(72, 74, 76). Rotational forces are proposed to manifest as shear stress and
linear tension (stretching) on the brain tissue, leading to the initiation of complex
cellular signaling mechanisms. Although much is unclear as to how mechanical
stress triggers the destructive signaling pathways in TBI, it is evident that
mechanical stimuli are able to induce functional modification of many proteins
including ion channels (89, 95).
Three potential mechanisms have been proposed to explain the activation
of ion channels by mechanical stress (89, 94) (Figure 1.8). 1) The bilayerdependent mechanism, proposes that channels are activated by tension which
bends or deforms the cell membrane causing membrane lipids to pull away from
the channel protein. As a result hydrophobic sites of the channel become
exposed, increasing hydrophobic forces, which then promote conformational
change of the channel and possible activation. 2) The tethered mechanism,
supposes channels to be linked to accessory molecules, such as extracellular
matrix proteins or cytoskeletal proteins, and as mechanical forces acting on
these accessory molecules tension is then transmitted to the attached ion
channel causing its activation in a lipid bilayer independent manner. 3) The
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mechano-biochemical conversion mechanism, suggests that channels may not
be directly activated by mechanical forces, but rather channels may be activated
through secondary signaling mechanisms initiated as a result of mechanostimulus.
In cells, calcium ions serve as important second messengers of
intracellular signaling, and play a role in many essential physiological
mechanisms. Endothelial cells express an array of proteins to transport calcium
ions either in or out of the cell and in or out of the intracellular calcium stores
(110-111). The endoplasmic reticulum and mitochondria serve as intracellular
storage sites for Ca2+. Several TBI studies have reported a rise of [Ca2+]i
following injury in neurons, glia, and endothelial cells (78-80). Thus, it seems
likely that mechano-sensitive proteins, ion channels, may be expressed on these
cells and directly contributing to the observed [Ca2+]i increase.
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Methods

Cell Culture & Solutions
The mouse brain microvessel endothelial cells (bEnd3 cells) were used for
all studies (American Type Culture Collection). The bEnd3 cells are an
immortalized cell line originally generated by Montesano et. al. in 1990 (112).
The bEnd3 cells were used as a model of BBB since previous studies had
revealed that the bEnd3 cells retained several critical components of the in vivo
barrier. These components included restricted permeability to molecules (< 650
mw) and expression of tight junction proteins occludin, claudin 1, claudin 3,
claudin 5, ZO-1, and ZO-2 (113). In addition, early experiments using primary
culture mouse brain microvessel endothelial cells demonstrated that the
response to mechanical stretch (induced by use of the cell injury controller
device, see below) was similar in both primary culture cells and bEnd3 cells
(unpublished data).
Cells were grown in DMEM culture media with 3.7 g/L sodium
bicarbonate, 4 mmol/L glutamine, 4.5 g/L glucose, 100 µg/ml penicillin, 100 µg/ml
streptomycin, and 10% FBS. During growth, cells were kept in a humidified
incubator at 37oC with 10% CO2 - 90% room air, and grown to confluence over 45 days. For experiments cells were seeded at a density of 0.14-0.6 x 105/cm2 on
collagen coated BioFlex elastic membrane supports (Flexcell International Corp)
or glass cover slips. During intracellular calcium measurements, cells were
studied in a isotonic modified balanced salt solution (MBSS) containing (in
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Figure 2.1. Cell Injury Controller II.
A. Brain microvessel endothelial cells are grown on an elastic
membrane. B. Mechanical stretch is applied by a short (50 ms)
injection of nitrogen gas, which deforms the elastic membrane.
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mmol/L): 140 NaCl, 5.4 KCl, 2 CaCl2, 0.5 MgCl2, 0.4 MgSO4, 3.3 NaHCO3, 10
HEPES, 5.5 glucose, and pH of 7.4. A calcium-free MBSS solution was also
utilized containing 1 mmol/L EGTA in place of 2 mmol/L CaCl2.

Mechanical Cell Injury
In preparation for injury, cells were grown to confluence on BioFlex 6-well culture
plates with collagen coated silastic membranes (Flexcell International Corp).
Biaxial stretch was applied on cell cultures using the Cell Injury Controller II
system (CIC II, Virginia Commonwealth University) (Figure 2.1). The device
delivered a 50 ms burst of nitrogen gas, which produces a downward
deformation of the elastic membrane and adherent cells. During membrane
deformation, pressure recorded inside the well ranged from 1.8 - 4.5 psi. Elastic
membranes were stretched to an increased membrane diameter of 20%
(5.5mm), 35% (6.5 mm), and 55% (7.5 mm) (114-115). These degrees of stretch
are believed to be similar to the mechanical stress range exerted on human brain
during rotational acceleration-deceleration injury (114, 116-117). Mechanical
stretch above 35% leads to cell damage and apoptosis (in neurons and
astrocytes) of similar proportion as observed for in vivo TBI. Further, the CIC II is
capable of delivering a strain of 0.1-0.6, which encompasses strain ranges
estimated for TBI (strain threshold for concussion and axonal injury is estimated
to be 0.5-0.3) (72, 117).

Calcium imaging
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Measurement of cytosolic calcium concentration was accomplished with
the use of the Fura-2AM fluorescent indicator (67, 101). Cells were seeded on
BioFlex 6-well plates and incubated with 5 µmol/L Fura-2AM (Calbiochem) at
room temperature for 1 hour in the dark. Following incubation cells were washed
with MBSS solution in preparation for imaging. The BioFlex plates were affixed to
the microscope stage of an InCyt Im Imaging workstation (Intracellular Imaging,
Inc) and imaged with a Nikon Eclipse TS 100 inverted microscope using a 20X
super fluor objective (NA = 0.75) and a 12-bit CCD camera (Pixel Fly, Cooke).
Cells loaded with Fura-2 were excited alternately with 340 and 380 nm
illumination and the fluorescence emission images at 510 nm ratioed as an index
of intracellular calcium. The ratios were converted to a [Ca2+]i value using the
equation: [Ca2+]i = Kdβ(R-Rmin)/(Rmax-R) (118), where Kd is the Ca2+
dissociation constant of fura 2, β is the ratio of the fluorescence emission
intensity at 380 nm excitation in Ca2+-depleting and Ca2+-saturating conditions, R
is the ratio at any time, Rmin is the minimum ratio in Ca2+-depleting conditions
(addition of 5 µmol/L EGTA and 2 µmol/L ionomycin), and Rmax is the maximum
ratio in Ca2+-saturating conditions (2 µmol/L ionomycin plus 10 mM Ca2+). For
each experiment, 10-30 cells were simultaneously monitored and their
fluorescence emission ratios were averaged at the end of recording.

Statistical Analysis
Data was calculated as mean ± SE. One-way ANOVA and/or student ttest, performed with Sigma Stat, was used to compare the difference among
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groups. n is representative of the number of experiments conducted; for Fura-2
and DAF-FM experiments an n of 1 is representative of average response from
15-30 cells. Statistical significance ( * ) was determined as p< 0.05, (**) depicts
p< 0.001.
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Results

Mechanical stretch-induced [Ca2+]i dynamic
Previous work on astrocytes and neurons had revealed that exposure to
mechanical stretch resulted in a prolonged state of increased [Ca2+]i (114-115).
To investigate the signaling response of brain endothelial cells exposed to
mechanical stretch the Cell Injury Controller II unit (Virginia Commonwealth
University) was utilized to produce a TBI-mimicking rapid-stretch injury (114, 116)
(Figure 2.1). Rapid delivery of a nitrogen gas pulse (50 ms duration), led to
deformation of the elasticized membrane to which the cells were attached
(magnitude of membrane deformation was controlled through regulation of gas
pressure). Application of membrane stretch below 10% failed to induce a change
in intracellular calcium while higher levels of stretch induced an increase in
[Ca2+]i, demonstrating a threshold for initiation of the stretch-induced [Ca2+]i
dynamic in bEnd3 cells (Figure 2.2). In a typical cell the peak [Ca2+]i response
was measured at one minute post-stretch (the earliest time point at which cells
could be re-imaged for measurement of [Ca2+]i after stretch). Following the peak
was a progressive decline in [Ca2+]i, over the next 2-3 minutes, until the
establishment of a pseudo-plateau, a long lasting high [Ca2+]i state (persisting for
greater then 60 minutes in our recordings). One minute after application of the
stretch yielded a [Ca2+]i increase of 96 ± 22 nM (n = 13) with 20% stretch, 198 ±
27 nM (n = 12) with 35% stretch, and 219 ± 21 nM (n = 12) with 55% stretch
(Figure 2.2).
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Figure 2.2. Stretch magnitude dependent [Ca2+]i response.
A. Representative traces of [Ca2+]i following application of elastic
membrane stretch (10, 20, 35, and 55%). B. Average [Ca2+]i
increase 1 min post-stretch produced by varying degrees of
stretch of 10 (n = 2), 20 (n = 13), 35 (n = 12), and 55% (n = 12) (*
P < 0.05 vs 10% stretch, ANOVA Tukey test). Dashed lines in
traces represents gap in imaging acquisition. Taken with
permission from publisher from (4).
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Stretch-induced extracellular Ca2+-influx
In order to better characterize the stretch-induced [Ca2+]i dynamic it was
critical that the source(s) of Ca2+, which flood the cytosol following stretch
application, be identified. Since previous studies had suggested that extracellular
calcium influx was largely responsible for the establishment of high [Ca2+]i
conditions following neuronal injury, we assessed the possibility of extracellular
calcium being important for the development of the stretch-induced dynamic (80,
115). To investigate the contribution of extracellular calcium influx to the stretchinduced [Ca2+]i increase, stretch was applied under conditions in which
extracellular calcium was removed. In the absence of extracellular calcium, a
rapid 35%-stretch stimulus led to a transient, increase in [Ca2+]i, with a peak
response of 84 ± 17 nM (n = 5) (Figure 2.3A-B). This peak [Ca2+]i increase was
significantly lower than the observed control response, 198 ± 27 nM (n = 12). We
also observed, in the absence of extracellular calcium, that the peak was
followed by a decline back to the initial baseline (-8 ± 2 nM, n = 5) (Figure 2.3A,
C). This was also significantly different from the response seen in control where
the [Ca2+]i is held at a higher pseudo-plateau (118 ± 17 nM, n = 12);
demonstrating that the majority of the stretch-induced [Ca2+]i dynamic was
mediated through extracellular calcium influx.

Stretch-induced Ca2+ release from intracellular stores
To further elucidate the stretch-induced [Ca2+]i response, the role of
calcium release from intracellular stores was examined. Treatment of cells with
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thapsigargin (TG), a Ca2+-ATpase pump inhibitor, was used as a means to
deplete the endoplasmic reticulum calcium store. We observed that the 35%
stretch-induced [Ca2+]i dynamic was largely unaffected by depletion of the
intracellular stores as prior treatment with TG led to a stretch-induced increase of
225 ± 50 nM (n = 4) (comparable to the response seen in control conditions, 206
± 24 nM, n = 15) (Figure 2.4A-C). Further, under conditions of zero extracellular
calcium, the stretch-induced transient [Ca2+]i response (peak of 84 ± 17 nM, n =
5) was abolished if the internal stores were first depleted with TG (peak of -7 ± 22
nM, n = 3) (Figure 2.4D). Hence, exposure of brain endothelial cells to
mechanical stretch produced a [Ca2+]i increase, resulting from a prolonged
extracellular calcium influx and a transient calcium release from intracellular
stores.
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Figure 2.3. 35% stretch-induced extracellular Ca2+ influx.
A. 35% stretch induces a rise of [Ca2+]i under control conditions with
2mM extracellular [Ca2+] (black trace), but is greatly reduced with zero
extracellular [Ca2+] (blue trace). B. Average [Ca2+]i increase 1 min poststretch (control n = 12, zero Ca n = 5). C. Average [Ca2+]i increase 5 min
post-stretch (control n = 12, zero Ca n = 5). * P < 0.01, t-test. Dashed line
in traces represents gap in imaging acquisition. Taken with permission
from publisher from (4).
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Figure 2.4. 35% stretch-induced Ca2+ release from intracellular stores.
A. 35% stretch application prior to 10 µmol/L TG treatment, under conditions
with 2mM extracellular [Ca2+] (black trace) or zero extracellular [Ca2+] (blue
trace). B. TG-mediated (10 µmol/L ) depletion of intracellular calcium stores
followed by stretch application, same extracellular [Ca2+] conditions as (A).
C. Summary graph of stretch-induced [Ca2+]i increase (1 min post-stretch)
with or without TG-mediated intracellular store depletion in the presence of
2mM extracellular [Ca2+]. D. Stretch-induced [Ca2+]i increase (1 min poststretch) with or without TG-treatment in the presence of zero extracellular
[Ca2+] (* P < 0.05, t-test, control n = 3-8). Dashed line in traces represents
gap in imaging acquisition. Taken with permission from publisher from (4).

35

Chapter Three: TRP channels mediate calcium
signaling after mechanical stretch
________________________________________________________________
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Background

Transient receptor potential channels are among the ion channel families
reported to be expressed by brain microvessel endothelial cells. TRP channel
proteins are a family of non-selective cation permeable channels, many of which
are permeable to calcium ions (81-83, 119). Since first being described in
drosophila as a light sensitive channel, TRP channels have been identified to
express in a multitude of species and tissues (84). In mammals, TRP proteins
are divided into 6 subfamilies: classical (TRPC1-7), vanilloid (TRPV1-6),
melastatin (TRPM1-8), polycystin (TRPP1-4), mucolipin (TRPML1-3), and
ankyrin (TRPA1). Of particular interest among these channels is their sensitivity
to a broad range of stimuli including mechanical stress. TRPC1 for example, has
been reported to be activated when stretch tension is directly applied to the lipid
bilayer (105). In addition TRPP2, is described to form a mechanosensitive
complex with polycystin kidney disease 1 responsive to shear stress (103).
Further, several studies have suggested that TRP channels may play an
important role in regulation of permeability across endothelial cell barriers.
Indeed, experiments looking at the effect of hypoxic stress on BBB permeability
demonstrated that application of non-selective cation channel inhibitor,
SKF96365, helped reduce barrier permeability after insult (68). In addition, TRP
channels (TRPV4, TRPC4, TRPC6) are implicated in the regulation of the lung
endothelial barrier, where activation of these TRP channels mediates an increase
of permeability across the barrier (106-108, 120). Further, studies in our lab have
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hinted that TRPC channels may play a critical role in mediating hypoxia-induced
endothelial barrier disruption as application of SKF96365, a non-selective TRP
channel inhibitor, alleviated the effect of hypoxic insult (57). Thus, TRP channels
may play a significant role in the mechanisms regulating endothelial barrier
integrity under other injury states, such as following TBI-mechanical insult.
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Methods

See Chapter 2 methods section for methodology regarding Cell Culture &
Solutions, Mechanical Cell Injury, Calcium imaging, and Statistical Analysis.

RNA collection & RT-PCR
Total RNA extraction from cells was accomplished using TRIzol reagent
(Invitrogen). Expression of TRP channels was examined using SuperScript OneStep RT-PCR Platinum Taq (Invitrogen). Primer sets for TRP channels were
obtained from Sigma-Alrich. PCR primer sequences are listed in table 3.1. In
these experiments, 0.5-1 µg sample RNA were reverse transcribed and amplified
using Taq polymerase. The RT-PCR reactions were run with use of the
GeneAmp PCR system 2400 (Perkin Elmer). PCR products were separated on
1% agarose gels, stained with ethilium bromide, and photographed with the
ChemiGenius bioimaging system (Syngene). GAPDH was used as a standard
loading control.

Immunoblotting
Protein was harvested by washing the cells with PBS, then scraping cells
off culture plates and treating with RIPA cell lysis buffer with protease inhibitor
(Sigma). For western blots, 20-30 µg of sample protein were run in 4-20% SDSPAGE gradient gel, then transferred to PVDF membrane, and blocked with 5%
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Table 3.1. TRP channel pcr-primer sequences.
Taken with permission from publisher from (4).
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milk for 1-2 hr. Subsequently, membranes were incubated with anti-TRPP2
(1:200, Santa Cruz Biotechnology) or TRPC1 (1:200, Santa Cruz Biotechnology)
overnight at 4˚C. Following washing, membranes were incubated with anti-rabbit
secondary antibody (1:500-1:5000). Beta-actin and alpha-tubulin were used as
an internal loading control.

RNA Interference
For knockdown of TRP channel protein expression, siRNA targeting
TRPC1 (Santa Cruz Biotechnology) and TRPP2 (SeqWright) were utilized.
TRPC1 siRNA was constructed with use of Silencer siRNA construction kit
(Ambion). Cells were transfected with use of siPORT Amine reagents (Ambion)
and 20-30 nmol/L target siRNA. Cells were plated at a density of approximately
0.14-0.6 x 105/cm2 either on glass cover slips or silastic membranes (coated with
collagen IV). After 18-24 hours, cells were transfected with a mixture of
siPORTTM Amine transfection reagent and the appropriate siRNA complex. Cells
were then allowed to incubate for 24-72 hours at 37oC, and subsequently
employed for appropriate assay. Scrambled siRNA (Santa Cruz Biotechnology)
was used as a transfection control.
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Results

TRP channel expression on bEnd3 cells
Given the many reports addressing the mechano-sensitivity of TRP
channels (94, 96, 121), and the recent reports involving TRP channels in the
control of endothelial barrier permeability (57, 106-107), I assessed the role TRP
channels play in the brain endothelial cell response to mechanical stress. To
determine the potential involvement of TRP channels in mediating the stretchinduced [Ca2+]i response, I first assessed the expression of TRP channels in
bEnd3 cells. Semi-quantitative RT-PCR analysis was used to elucidate the
mRNA expression of TRP channels in bEnd3 cells. TRP channel isoforms from
the vanilloid (V2, V4), canonical (C1, C4, C6), melastatin (M2, M4, M7), and
polycystin (P2) subfamilies were found to be expressed (Figure 3.1).

Role of TRP channels in the stretch-induced [Ca2+]i dynamic
As multiple TRP channels are expressed in bEnd3 cells, pharmacological
inhibitors were used to systematically determine which TRP isoforms play a role
in the stretch-induced [Ca2+]i response. Treatment of cells with 10 µM
SK&F96365, a non-selective cation channel blocker that has been used as a
TRPC channel inhibitor, after stretch led to a reduction of 66% ± 19 % (n = 4)
from control [Ca2+]i response (Figure 3.2A, D). Similarly, application of 10 µM
LOE908, a non-selective cation channel blocker that has been used as a
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Figure 3.1. TRP channel mRNA expression.
RT-PCR showing mRNA expression for a wide range of TRP
channels on bEnd3 cells. Taken with permission from
publisher from (4).
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TRPC channel inhibitor, reduced the stretch-induced [Ca2+]i increase by 65% ±
16 % (n = 6) (Figure 3.2B, D). Thus, these data suggest that TRPC channels
become activated following mechanical stretch and mediate a portion of the
observed [Ca2+]i increase. Further, treatment with 10 µM amiloride, , a nonselective drug known to inhibit TRPP2 channels (as well as some Na+ channels
and the Na+/H+ exchanger), effectively diminished the stretch-induced [Ca2+]i
increase by 86% ± 27% (n = 6) (Figure 3.2C, D). Hence, these results implicate
TRPP2 channels as a potential contributor to the stretch-induced [Ca2+]i
dynamic. Application of TRPV channel antagonist, 1 µM ruthenium red, failed to
produce an inhibition of the stretch-induced [Ca2+]i increase (Figure 3.2D). Thus,
it became apparent that TRPC and TRPP channels may mediate the stretchinduced calcium influx.

TRPC1 and TRPP2 mediate the stretch-induced response
Because of the lack of selectivity of the pharmacological inhibitors
available to target the specific TRP channels subtypes, further approaches were
used to identify the importance of individual channels. RNA interference, siRNA
gene silencing, was used to specifically target TRP isoforms, allowing
knockdown of the individual TRP channel protein expression. Reduction of
protein expression after treatment with siRNA was assessed with western blots
(Figure 3.3A). As a control cells were transfected with scrambled RNA, a
sequence not specific to any protein mRNA. Cells treated with scrambled RNA
showed stretch-induced [Ca2+]i response of 224 ± 30 nM, (at one minute post-
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Figure 3.2. TRP channels mediate stretch-induced [Ca2+]i
response.
Application of 35% stretch followed by treatment with A. TRPC
inhibitor, SKF96365 (10 µmol/L, n = 4), B. TRPC inhibitor, LOE908
(10µmol/L, n = 6), and C. TRPP2 inhibitor, amiloride (10µmol/L, n
= 6). Dashed line in traces represents gap in imaging acquisition.
D. Summary bar graph of [Ca]i measurements after inhibitor
application, normalized to the value of the control group. Results
are expressed as mean ± SEM, t-test, * P < 0.05 vs control. Taken
with permission from publisher from (4).
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stretch, n = 6), which was similar to the response seen with non-transfected cells
(Figure 3.3B-C, black bar). Knockdown of TRPC1 protein expression led to a
stretch induced [Ca2+]i response with a modest decline one minute post stretch,
186 ± 19 nM (n = 6) (time point was chosen to represent peak response
observed) (Figure 3.3C, red bar). At seven minutes post-stretch (time point
chosen to represent established pseudo-baseline) TRPC1 knockdown led to a
significant decline of the [Ca2+]i response, 84 ± 13 nM (n = 6) (scramble control
value was 149 ± 40 nM, n = 5) (Figure 3.3D, red bar). In addition, knockdown of
TRPP2 led to a significant decrease of the [Ca2+]i response one minute after
stretch, 113 ± 22 nM (n = 7) (Figure 3.3C, blue bar), while at seven minutes poststretch the stretch-induced [Ca2+]i showed a reduction to 89 ± 6 nmol/L (n = 3)
(Figure 3.3D, blue bar). Further, when expression of both TRPC1 and TRPP2
were suppressed simultaneously the stretch-induced [Ca2+]i response was
significantly decreased throughout the length of recording (measuring a value of
102 ± 14 nmol/L (n = 5) one minute post-stretch and 43 ± 7 nmol/L (n = 5) seven
minutes after stretch) (Figure 3.3B-D, purple bar). Thus, these findings together
suggest that TRPP2 and TRPC1 channels are activated following TBI-like
mechanical stress and subsequently mediate the majority of the stretch-induced
[Ca2+]i increase.
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Figure 3.3. TRPC1 and TRPP2 mediate stretch-induced [Ca2+]i
response.
A. Western blot of TRPP2 and TRPC1 protein expression in
control (Cnt), TRPP2-targeted siRNA treated (P2 siRNA), and
TRPC1-targeted siRNA treated (C1 siRNA) cells. Loading controls
(α-tubulin and β-actin) were run in the same lanes on the same
gels. B. 35% stretch-induced [Ca2+]i response in cells transfected
with scrambled siRNA (black trace), or transfected with TRPC1
and TRPP2 targeted siRNA (purple trace). Dashed line in traces
represents gap in imaging acquisition. C. Summary graph showing
the stretch-induced peak response (1 min post-stretch). D.
Summary graph showing the stretch-induced late response (7 min
post-stretch). * P < 0.05 vs scramble siRNA control, ANOVA
Tukey test). Taken with permission from publisher from (4).
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Chapter Four: TRP channels regulate cytoskeletal
and junctional proteins after mechanical stretch
________________________________________________________________
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Background

Restriction of paracellular permeability across the BBB is reliant on the
expression and localization of specialized cell junctions, tight junctions, which
promote a close relationship between adjacent endothelial membranes (Figure
1.2). Tight junction proteins occludin, claudin (1, 3, 5, and 12), and junctional
adhesion molecule (JAM-A, B, and C) are found on brain microvessel endothelial
cells (1, 24-25). Following a TBI event, many clinical complications develop
including disruption of BBB permeability. Interestingly, experiments on brain
microvessel endothelial cells have indicated a correlation between changes in
paracellular permeability and alterations in expression of actin filaments (33).
Although the mechanism by which the actin cytoskeleton modulates the cell
junctions is currently unknown, it has been suggested that actin fibers may
provide a necessary tension to enforce a close interlocking of junctions between
apposing endothelial membranes (50-52). Actin-myosin contraction, leading to
subsequent formation of actin stress fibers, has been reported as a component of
endothelial barrier regulation (54-55). Phosphorylation of MLC serves as a trigger
to initiate actin-myosin contraction, and is regulated by the activity of MLC kinase
and MLC phosphatase (56). Indeed, our lab has previously reported that MLC
phosphorylation increases during hypoxia-induced endothelial barrier disruption
(57). Several factors have been identified to exert control over MLC
phosphorylation, including regulation of MLC phosphatase (through Rho A
induced inhibition) and MLC kinase (through intracellular calcium/nitric oxide
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dependent activation) (Figure 1.3). In fact, studies have shown that increased
levels of [Ca2+]i or NO can promote an increase of MLC kinase activity, which
subsequently leads to actomyosin contraction(62-65). Intracellular calcium may
regulate MLC phosphorylation in a NO-dependent (by activating eNOS to
promoting NO synthesis) and NO-independent (by Ca2+-calmodulin direct
activation of MLC kinase) mechanism. As such, [Ca2+]i has been hinted to play
an important role in the mechanism underlying loss of BBB integrity following
induction of a hypoxic or hypertension injury (57, 66-68). Thus, given the
evidence above, in this chapter the activation of downstream signaling
mechanisms (related to endothelial barrier disruption) initiated after stretch
application was explored.
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Methods

See Chapter 2 methods section for methodology regarding Cell Culture &
Solutions, Mechanical Cell Injury, and Statistical Analysis.

NO measurements
Nitric oxide concentration was measured using fluorescent indicator DAFFM/AM. Confluent cell cultures were incubated with 5µM DAF-FM/AM
(Invitrogen) at room temperature for 1 hour in dark conditions. Following
incubation, cells were washed with MBSS solution. Cells were imaged using a
Nikon Eclipse TS 100 inverted microscope using a 20X super fluor objective (NA
= 0.75) and a 12-bit CCD camera (Pixel Fly, Cooke). Cells loaded with DAF-FM
were excited with a 470 nm illumination and the emission monitored at 510 nm.
InCyt Im Imaging software was employed for data acquisition and analysis. In
each experiment, 10-30 cells were simultaneously monitored and their
fluorescence emission averaged at the end of recording.

Immunocytochemistry
Immuno-staining directed at ppMLC (phosphorylated at Thr18 and Ser19)
was used to determine changes in myosin light chain phosphorylated. Cells were
grown to confluence on glass cover slips or flexible silastic membranes. Cells
were then exposed to desired experimental treatment and subsequently fixed
with 4% paraformaldehyde at room temperature. The plasma membrane was

51

labeled by incubating the cells with tetramethylrhodamine-wheat germ agglutinin
(1:200) for 15-20 min at 4˚C prior to permeabilization. Cells were subsequently
permeabilized with 0.1% Triton X-100 treatment for 10 min at room temperature.
The permeabilized cells were blocked with 1% donkey serum for 30 min at room
temperature then incubated with anti-pMLC (1:200, Cell Signaling), for 1.5 hr at
room temperature. Cells were then washed and incubated with Cy5 labeled antirabbit secondary antibody (1:500-1000) for 30-60 min at room temperature. Cells
were mounted on slides using ProLong Gold anti-fade reagent with DAPI nuclear
counterstain (Invitrogen). Fixed cells were imaged using the Nikon TiE A1Rsi
confocal microscope, and analyzed with NIS Elements imaging software.
Measurements of phosphorylated MLC were performed using ImageJ software.
Imaging fields were selected based on high cell confluency, and mean
fluorescence intensity was measured diagonally across the imaging field
(typically across 6-12 cells). For all treatment groups, multiple imaging fields (3-4)
were captured from a single fixed membrane. All microscope settings,
illumination times, and detection times were held constant for all images and
treatment groups.
Similarly, immuno-staining directed at F-actin was used to determine
changes in actin stress fiber formation. Confluent cells cultures were exposed to
a desired experimental treatment and subsequently fixed with 4%
paraformaldehyde at room temperature. The plasma membrane was labeled by
incubating cells with tetramethylrhodamine-wheat germ agglutinin (1:200) for 1520 min at 4˚C, prior to permeabilization. Cells were subsequently permeabilized
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with 0.1% Triton X-100 treatment for 10 min at room temperature. Subsequently,
cells were blocked with 1% donkey serum for 30 min at room temperature, then
incubated with anti-TRPP2 (1:100, Santa Cruz Biotechnology), or anti-TRPC1
(1:100, Santa Cruz Biotechnology) at room temperature for 1 hr. Cells were then
washed and incubated with Cy2 labeled anti-rabbit secondary antibody (1:400) or
Alexa Fluor 647 phalloidin (1:1000, Invitrogen) for 30-60 min at room
temperature. Cells were then treated with ProLong Gold anti-fade reagent with
DAPI nuclear counterstain (Invitrogen), and mounted on glass slides. Fixed cells
were imaged using the Nikon TiE A1Rsi confocal microscope, and analyzed with
NIS Elements imaging software. Measurements of actin stress fiber formation
were performed using ImageJ software. Imaging fields were selected based on
high cell confluency, and the mean fluorescence intensity was measured
diagonally across the imaging field (typically across 6-12 cells). For all treatment
groups, multiple imaging fields (2-3) were captured from a single fixed membrane
and the mean intensity was averaged for an n of 1. All microscope settings,
illumination times, and detection times were held constant for all images and
treatment groups.
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Results

TRP channels mediate stretch-induced NO synthesis
Recently several studies have identified nitric oxide signaling as an
important modulator of endothelial barrier integrity through regulation of the actin
cytoskeleton (56, 62-64). As intracellular calcium is known to increase nitric oxide
synthesis through activation of endothelial nitric oxide synthase, we investigated
whether nitric oxide levels were influenced by the observed stretch-induced
[Ca2+]i dynamic. Indeed, we found that stretch application resulted in a rapid
increase in DAF-FM fluorescence, a molecule that increases its fluorescent
intensity when it reacts with NO, leading to an increase in F/Fo of 52 ± 11, n = 9
(Figure 4.1A, E). In addition, when cells were pre-treated (30 minutes, 100 µM)
with nitric oxide synthase inhibitor, L-NAME, the application of stretch failed to
yield an increase in DAF-FM fluorescence (Figure 4.1B, E). Thus, it seems
apparent that stretch application results in a state of elevated NO synthesis by
activation of nitric oxide synthase.
We further examined whether nitric oxide synthase activation was
dependent on TRP channel mediated calcium influx. Treatment with TRPC
inhibitor, LOE908 (10 µM), promptly led to a reduction of the stretch-induced NO
synthesis (-15 ± 12 % F/Fo of control, n = 4, Figure 4.1C, E). Likewise,
application of amiloride, a non-specific TRPP2 inhibitor, also decreased the
stretch-induced NO increase (-0.5 ± 12 % F/Fo of control, n = 5, Figure 4.1D-E).

54

Figure 4.1. Stretch induced NO synthesis.
Traces are representative of fluorescent intensity recordings from
cells loaded with DAF-FM (F/Fo). A. Application of 35% stretch
generated an increase of NO. B. Application of stretch following 30
minute pre-treatment with 100 µmol/L L-NAME (NOS inhibitor). C.
Stretch followed by application of 10µmol/L LOE908. D. Stretch
followed by application of 10µmol/L amiloride. E. Summary bar
graph showing mean changes in DAF-FM fluorescent intensity
after stretch application in control (n = 9), after treatment with LNAME (n = 4), LOE908 (n = 4), and amiloride (n = 5).(* P < 0.05
vs no treatment control, ANOVA Tukey test) Dashed line in traces
represents gap in imaging acquisition. Taken with permission from
publisher from (4).
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Hence, the mechanosensitive TRP channels, TRPC1 and TRPP2, activated by
stretch appear to mediate NO synthesis through activation of eNOS.

NO effect on the stretch-induced [Ca2+]i response
NO has been reported to modulate the activity of various proteins
including some ion channels (58-59, 122-123). In fact, experiments have
demonstrated that TRPC5 is activated by NO through modification of cysteine
residues (Cys 553, Cys 558) residing within the pore-forming region (between the
5th and 6th transmembrane domain) (124-125). Further, several other TRP
channels, including TRPC1, also contain similarly located cysteine residues.
Therefore, we next explored the possibility that the stretch-induced NO increase
might exert some control over the [Ca2+]i response. We observed that application
of NO donor, SNAP (100 µM), failed to produce a significant increase of [Ca2+]i,
displaying a peak increase of 12 ± 3 nM (n = 4) (Figure 4.2A, C). This
demonstrates that NO does not, by its self, mediate activation of calcium
permeable channels in our brain endothelial cell cultures. In agreement, 30
minute pre-incubation with NOS inhibitor, L-NAME (100 µM), did not lead to any
reduction of the stretch-induced [Ca2+]i dynamic, but rather it led to a significant
increase of the peak [Ca2+]i response (297 ± 31 nM, n = 3) compared to control
(Figure 4.2B-C). Thus, the stretch-induced NO increase does not seem to
mediate the activation of TRPC1 and TRPP2, as has been reported for other
TRP channels. The increase [Ca2+]i response suggests that NO is responsible for
mediating mechanisms to reduce cytosolic calcium following stretch.
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Figure 4.2. NO mediated [Ca2+]i dynamics.
A. Application of NO donor, 100 mM SNAP generated a minimal
change of the [Ca2+]i. B. Application of 35% stretch under control
following 30 minutes of pre-treatment with 100 µM L-NAME.
Dashed line in trace represents gap in imaging acquisition. C.
Summary bar graph showing the peak increase of [Ca2+]i after
35% stretch plus or minus L-NAME pretreatment and SNAP
application.
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Stretch-induced MLC phosphorylation
Interestingly [Ca2+]i and NO have both been reported to increase myosin
light chain kinase activity and thus promote actomyosin contractility. We
therefore investigated whether there was a change in the phosphorylated myosin
level after stretch. We found that exposure of brain endothelial cells to stretch led
to a significant increase in phosphorylated myosin 10 minutes post-stretch
(Figure 4.3A-B). In addition, pretreatment with 10µM LOE908 and 10µM
amiloride was effective in preventing the stretch-induced MLC phosphorylation,
suggesting that the TRP channel mediated [Ca2+]i influx is critical for stretchinduced actomyosin contractility (Figure 4.3A-B). Further, pre-incubation with LNAME (100 µM, 30 minutes) also resulted in a repression of the stretch-induced
MLC phosphorylation (Figure 4.3A, C). Thus, it seems that TRP channel
mediated NO generation is necessary for modulation of the cytoskeleton after
stretch application.

Stretch-induced stress fiber formation
Actomyosin contractility, through MLC phosphorylation, is linked to loss of
integrity of the endothelial barrier (57). Formation of actin stress fibers is reported
to be a result of phosphorylated-MLC mediated actin cytoskeletal rearrangement
(126-128). Hence, we explored whether formation of actin stress fibers was
apparent following stretch. Phalloidin, Alexa Fluor 647, was used to label actin
stress fibers prior to stretch application as well as 2, 10, 15, 30, and 60 min poststretch. Application of stretch demonstrated a trend for stress fiber formation up
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Figure 4.3. TRP mediated MLC phosphorylation.
A. Representative pictures of phosphorylated MLC (in white) under
various treatment conditions. Scale bar (yellow) is representative of
10 µm. B. Summary bar graph of pMLC fluorescence intensity
measurements in cells exposed to control mechanical stretch (white
bars) or 10 minutes of pretreatment with 10µM LOE908 and 10µM
amiloride followed by mechanical stretch (black bar). C. Summary bar
graph of pMLC fluorescence intensity measurements in cells exposed
to mechanical stretch after 30 minutes of pretreated with 100µM LNAME.
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Figure 4.4. TRP mediated actin stress fiber formation.
A. Representative pictures of actin stress fibers (in white) under
various treatment conditions. Scale bar (yellow) is representative
of 10 µm. B-C. Summary graphs showing effect of stretch on factin staining fluorescent intensity in (B) untreated cells and (C)
cells treated with 10 µM amiloride and 10 µM LOE908 10 minutes
prior to stretch application. Taken with permission from publisher
from (4).
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to an hour post-stretch, with the largest apparent phalloidin fluorescence at 2 min
post-stretch (41 ± 10 percent increase from control, n = 3) (Figure 4.4A-B).
Further, 10 minute pre-treatment with TRP channel inhibitors, LOE908 (10 µM)
and amiloride (10 µM), abolished any tendency for stretch-induced actin stress
fiber formation (Figure 4.4A, C). Thus, it appears that the stretch-induced [Ca2+]i
increase, mediated by TRPC1 and TRPP2, leads to generation of stress fibers
and rearrangement of the actin cytoskeleton.

Stretch-induced tight junction modification
Changes in endothelial barrier permeability are believed to be primarily
regulated by the integrity of the tight junction complexes. Previous works have
demonstrated the importance of claudin 5 expression to the proper maintenance
of BBB integrity (35). In fact, experiments using claudin 5 knockouts showed the
establishment of a BBB with a size selective increase in paracellular permeability
(36), suggesting that claudin 5 does not appear to be a critical protein for the
establishment of the BBB. It may however serve as an important fine tune control
to regulate permeability. Thus, we investigated the effect of that mechanical
stretch may have on claudin 5 in our brain microvessel endothelial cells. We
found that application of stretch did not yield any significant change in claudin 5
localization at the plasma membrane up to 60 minutes post stretch (Figure 4.5A).
Hence, it does not appear as though mechanical stretch application has an effect
on claudin 5 expression.
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ZO-1 serves as a critical component of the tight junction complex, linking
tight junction proteins to the actin cytoskeleton. Recently, several studies have
reported changes in ZO-1 expression following alteration of the actin
cytoskeleton (39, 41). Further, decreased ZO-1 expression at the plasma
membrane (near tight junctions) has been shown to promote a decrease of
barrier integrity (40). Therefore, we explored whether mechanical stretch induced
a decrease in plasma membrane ZO-1 expression. We found that application of
stretch did not induce a significant decrease in ZO-1 localization at the plasma
membrane (Figure 4.5B). Rather, we observed an increase of ZO-1 membrane
localization at 30 minutes post stretch. It is possible that the increase observed
may serve as a compensatory response to reestablish a disrupted junctional
component which we were not able to detect.
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Figure 4.5. Effect of stretch on TJ localization.
A. Summary bar graph of Claudin 5 fluorescence intensity
measurements in cells exposed to mechanical stretch. B.
Summary bar graph of ZO-1 fluorescence intensity measurements
in cells exposed to mechanical stretch.
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Chapter Five: Discussion
________________________________________________________________
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Mechanical stretch triggers an increase of intracellular calcium in brain
endothelial cells

TBI leads to the development of various detrimental conditions including
disruption of the cerebral microvasculature. Under this state the BBB loses its
integrity and allows for greater paracellular permeability, which can result in
deleterious alteration of the CNS interstitial fluid. Despite a great lack of
understanding as to the mechanism responsible for the TBI-induced
dysregulation of the endothelial cell barrier, evidence exists implicating [Ca2+]i as
a major factor underlying modulation of the BBB integrity. Indeed, several studies
have shown that inhibition of calcium permeable channels results in protection of
the BBB integrity against hypoxic or hypertension insult (57, 66-68). Therefore,
an aim of this work was to characterize the [Ca2+]i dynamics that arise in brain
microvessel endothelial cells following exposure to mechanical stress (in the
range believed to be relevant to TBI).
As TBI is believed to result in linear tension (stretch) on the cells, we
employed a model of mechanical stretch, Cell Injury Controller II, for the purpose
of applying TBI-mimicking mechanical stress on cells. In this model, cells were
exposed to rapid, 50 ms, bi-axial stretch with the degree of strain being set by the
extent of elongation of the elastic membrane (see Figure 2.1). Previous work has
demonstrated that elastic membrane elongation of 35-55% results in cell damage
and apoptosis in astrocyte cell cultures (114). Similarly, application of 35-55%
stretch induced apoptosis in neuronal cell cultures; with the proportion of cell
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damage increasing as the degree of stretch was incremented (129-130). It is
worth noting however, that endothelial cells may not be as susceptible to stretchinduced cell damage since exposure of aortic endothelial cells to stretch (in the
range of 54-180% stretch) yielded a greatly diminished amount of apoptosis, as
compared to the levels seen for astrocytes and neurons (130). Hence, we expect
that in our experiments the application of 35-55% stretch likely resulted in minor
damage to the population of endothelial cells.
Our data revealed that application of mechanical stretch induced an
[Ca2+]i increase. A typical stretch-induced calcium dynamic consisted of two
components, an initial transient increase followed by a prolonged [Ca2+]i
increase. In addition, the amplitude of the [Ca2+]i response is dependent on the
degree of stretch applied. Stretch application of 10% or lower failed to evoke an
[Ca2+]i increase, and progressively elevated stretch levels yielded increasing
[Ca2+]i responses. This is in agreement with reports of mechanical stretch
application to neurons and astrocytes, in which case a similar prolonged [Ca2+]i
dynamic was reported and the observed [Ca2+]i increase was sensitive to the
degree of stretch applied (114-115, 131). Furthermore, experimental
manipulation of the extracellular calcium pool and intracellular calcium stores
revealed that extracellular calcium influx largely is responsible for the stretchinduced [Ca2+]i dynamic. Whereas calcium release from intracellular stores
seems to only contribute marginally to the initial transient increase, extracellular
calcium influx appears to mediate both a great portion of the initial transient as
well as the sustained [Ca2+]i increase.
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Although It is still unclear which calcium-permeable channels are
responsible for the observed calcium release from intracellular stores, a few likely
suspects exist. The inositol triphosphate receptor (IP3R) is one such candidate,
as it has been reported to be express in brain microvessel endothelial cells and
phospholipase C activity (which generates the IP3R ligand, IP3) is reported to
increase in response to mechanical stress and [Ca2+]i elevation (132-134). In
addition, the ryanodine receptors (RyR) are another candidate since they have
also been shown to be expressed in brain microvessel endothelial cells and are
activated by intracellular calcium (135). Further, TRP channels could also play a
role in calcium release from intracellular stores since several are known to
express on the endoplasmic reticulum membrane. Since several strong
candidates exist future work will be required to uncover the identity of the
channel(s) which mediate the stretch-induced store release.

TRP channels mediate calcium signaling after mechanical stretch

Investigation to ascertain the identity of the calcium-permeable channel(s)
mediating influx of extracellular calcium following stretch application revealed that
TRP channels, TRPC1 and TRPP2, mediated a large portion of the stretchinduced [Ca2+]i response. Indeed, simultaneous knockdown, of TRPC1 and
TRPP2 protein expression, led to a significant, major reduction of the stretchinduced [Ca2+]i dynamic throughout our recording (over the course of several
minutes). Hence, our data suggest that these mechanosensitive channels display
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prolonged activation following stretch, allowing for continuous extracellular
calcium influx. A potential explanation for this prolonged TRP channel activation
is that TRPC1 and TRPP2 may have a functional coupling to calcium-activated
potassium (KCa) channels which may also be activated post-stretch. Evidence
exists to showing that KCa channels associate with TRP channels, and that KCa
channel activation may mediate TRP channel opening (136-138). Indeed, a study
on prostate cancer cells revealed that the intermediate-conductance KCa (IK)
channel shared a physical coupling to TRPV6 and that activation of the IK
channel was sufficient to cause a sustained TRPV6 mediated [Ca2+]i increase
(over the course of several minutes) (139). It has been suggested that potassium
channel activation may hyperpolarize the cell and result in a state favoring TRP
channel mediated Ca2+-influx (136, 140). Since brain microvessel endothelial
cells are reported to express large, intermediate, and small KCa channels (MaxiK,
IK, and SK2) (141-143), it may be that these potassium channels play a role in
the prolonged stretch-induced [Ca2+]i response.
The duration of the stretch-induced [Ca2+]i dynamic and its overall
significance to the progression of TBI remain largely unclear. Our data suggest
that the stretch-induced [Ca2+]i dynamic likely persists for hours, since the [Ca2+]i
response appeared to be sustained up to one hour post-stretch. In agreement,
studies investigating the effect of mechanical stress on neurons and astrocytes
demonstrated that [Ca2+]i remains high for several hours (114, 131). Indeed,
Weber et al showed that in neurons application of 35% stretch induced a [Ca2+]i
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response that progressed for three hours, and 55% stretch induced a [Ca2+]i
response with a duration of five hours (115).
An interesting aspect of the stretch-induced response is the mechanical
activation of TRPC1 and TRPP2. Recent studies indicate that TRPC1 may be
activated in a bi-layer dependent manner (see Chapter 1 – Mechanical
sensation), where tension applied to the lipid membrane leads to channel
activation (89, 94, 96). Thus it stands that following stretch application, in our
experiments, TRPC1 may be activated in a similar fashion. However, the
mechanical activation of TRPP2 appears less clear. TRPP2 is reported to have
no mechanosensitive properties when expressed alone (104). The documented
activation by mechanical stress of TRPP2 is attributed to its association with
mechanosensitive proteins. Indeed, in the kidney TRPP2 has been shown to
couple with polycystin kidney disease 1 (PKD1), a mechanosensitive protein, to
mediate [Ca2+]i dynamics in response to shear stress (102-104). In addition,
TRPP2 has also been reported to form a mechanosensitive channel when
expressed as a heterotetramer with TRPV4 (102, 144). Yet, PKD1 does not
appear to be expressed in our brain microvessel endothelial cells (no mRNA was
detected, see Figure 3.1), and the TRPV channel antagonist (ruthenium red, see
Figure 3.2) failed to show a significant reduction of the [Ca2+]i response. Hence, it
seems probable that TRPP2 mechanical activation is due to its coupling to
another mechanosensitive protein. Interestingly, TRPC1 has recently been
reported to form a channel with TRPP2 (145-148). Although the
mechanosensitive properties of the TRPC1-TRPP2 heterotetramer have not
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been identified, it may be the case that in brain microvessel endothelial cells the
stretch-induced activation of TRPP2 is mediated through its association with a
mechanosensitive protein (potentially TRPC1).

TRP channels regulate cytoskeletal and junctional proteins after
mechanical stretch
We further examined whether the stretch-induced [Ca2+]i dynamic initiated
downstream signaling which may result in regulation of the endothelial barrier.
We found that the stretch-induced TRP channel activation resulted in an increase
in the production of NO. In addition, we found that MLC phosphorylation and
actin stress fiber formation increased after stretch, and both events were
dependent on TRC channel activation and NO synthesis. Recently, several
studies have suggested that the actin cytoskeleton plays an important role in
regulating the integrity of endothelial tight junctions, and hence barrier
permeability (48-49). As such, studies of brain microvessel endothelial cells have
indicated a correlation between changes in paracellular permeability and
alterations in expression of actin filaments (33). In addition actin-myosin
contraction, leading to subsequent formation of actin stress fibers, has been
reported as a component of endothelial barrier regulation (55, 128).
Phosphorylation of MLC serves as a trigger to initiate actin-myosin
contraction, and is regulated by the activity of MLC kinase and MLC phosphatase
(56). Our lab has previously demonstrated that, under hypoxic conditions, TRPC
channels may regulate BBB integrity through actomyosin cytoskeletal
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modification brought on by MLC phosphorylation (57). Several factors have been
identified to exert control over MLC phosphorylation, including intracellular
calcium and NO dependent activation regulation of MLC kinase. Indeed,
accumulating evidence points to an NO-mediated modulation of barrier
permeability in endothelial cells through mechanisms involving actin-cytoskeleton
modifications (56, 62-64). In addition, multiple studies have shown that increased
levels of [Ca2+]i may promote increase of MLC kinase activity, subsequently
leading to actomyosin contraction (56, 65). Therefore, we reason that mechanical
activation of endothelial TRP channels, TRPC1 and TRPP2, leads to a rise in
[Ca2+]i and subsequently signals an increase of NO synthesis through activation
of eNOS. NO then may stimulate myosin light chain kinase activity. And as a
consequence promote increased phosphorylation of MLC resulting in contraction
of the actin-myosin cytoskeleton, formation of actin stress fibers, and diminished
barrier integrity (149-150) (Figure 5.1).
Although the mechanism by which the actin cytoskeleton modulates the
cell junctions is currently unknown, it has been suggested that actin fibers may
provide a necessary tension to enforce a close interlocking of junctions between
apposing endothelial membranes. We investigated whether stretch application
led to relocalization of tight junction complex proteins, claudin 5 and ZO-1. In our
experiments, immunofluorescence imaging studies did not show evidence of a
significant change in claudin 5 localization, up to an hour following stretch
application. Similarly, no reduction of ZO-1 localization at the cell membrane was
apparent, although we did observe an increase at 30 minutes post-stretch. The
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increase observed, at 30 minutes post-stretch, may be representative of a
compensatory response to reestablish a disrupted junctional component which
we were not able to detect. Despite not detecting a significant loss of tight
junction protein expression at the membrane, the identification of alteration to the
actin cytoskeleton (increase phosphorylated MLC and stress fiber formation)
suggests that the mechanical stretch-induced response likely results in
modification of the endothelial barrier permeability. It seems likely that changes in
endothelial barrier permeability have occurred following stretch application,
however these changes may not lead to a marked alteration in localization of
tight junction proteins. The use of this stretch model, while advantageous for the
induction of TBI-mimicking mechanical stress, impeded the direct assessment of
barrier permeability. As such, future studies will aim to more directly assess the
interplay between endothelial paracellular permeability, tight junction
expression/localization, and mechanical stretch application.
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Figure 5.1 Summary of stretch-induced signaling.
Diagram depicting the signaling response initiated in bEnd3 cells
following application of mechanical stretch.
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Conclusion & Significance
________________________________________________________________
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In conclusion, this research project has served to characterize the
calcium-signaling response of brain endothelial cell to mechanical stress levels
that are thought to reflect those experienced during TBI. We report that in our
experiments, application of stretch injury caused endothelial cells to undergo a
modest calcium release from intracellular stores in addition to a prolonged influx
of extracellular calcium. Further, we identified two calcium-permeable ion
channels, TRPP2 and TRPC1, which are largely responsible for the prolonged
stretch-induced [Ca2+]i dynamics. We found that this intracellular calcium
increase led to activation of eNOS and consequently led to an increase of NO
synthesis. We further identified a rise of phosphorylated MLC levels after stretch,
which appears to be dependent on TRP channel activation and NO synthesis.
Furthermore, we observed an increase of actin stress fiber formation following
stretch application, which was dependent on TRP channel mediated calcium
influx. Suggesting that stretch application may induce an alteration of the actin
cytoskeleton. Thus it appears that TRP channels, TRPC1 and TRPP2, may serve
as important mediators of the TBI induced alteration of brain microvessel
endothelial cell permeability. Future work will attempt to better characterize the
mechanism of TRP channel mechanosensation and the change in barrier
permeability induced by mechanical stretch. Much work still needs to be done
before a complete picture of “how the microvasculature is affected by TBI” is
available, however the findings uncovered in this research project has added
new pieces to that puzzle.
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